According to the principle of thermo elasticity, thermal expansion mechanical characteristics of the dry masonry brick lining of the blast furnace hearth is analyzed, and the thermo elasticity multi-contact state non-linear model of brick lining is established. Based on finite element analysis, thermo-elastic mechanics calculation process and parameterization program are designed, and the feasibility of the algorithm and the program is verified. On the basis of analysis, rather than the brick joint of the hot end which can be closed completely, that of the cold end cannot always be closed when the dry masonry brick lining is heated. The closing length of brick joint near the cold end decreases when the wideness of reservation paving seam increases or linear expansion coefficient of brick decreases. Circumferential stress on the hot end of the brick lining and shell decreases with the increase of reservation brick joint. For ensuring the stability, hermetic sealing, reservation brick joint should be controlled strictly. When the plastic compression of filler exists, the closing length of brick joint is shorter, and the stress on the hot end of brick lining and shell is reduced. For the purpose of its strength and density, the amount of downward reduction of filler in building should increase property to ensure the strength and the density of filler, thus the hermetic sealing can be up to the standard. The internal pressure makes the closing segment of brick joint shorter. The stress of the shell increases when compressive stress on the hot end of brick lining decreases. Considering the hermetic sealing, stress of brick lining, stress of shell and other factors, the model and the parametric calculation program can also be applied to assessment and optimized design of structure parameters and material properties of the hearth.
Introduction
Large pieces of carbon blocks without refractory mortar in the form of dry masonry has been used in the blast furnace hearth brick lining in practical production for years, but corresponding mechanical analysis and related research data are rare. Data [1] introduced the mechanical model of brick by the Japanese scholars. The brick joint constraint is circumferential spring constraint in the model, but it is about wet masonry brick lining, not suitable for dry masonry brick lining. The wet masonry brick lining refers to using refractory mortar to bind the adjacent bricks. When the furnace is heated, the compressive plastic deformation of the refractory mortar will absorb the circumferential thermal expansion of brick lining. Thus, the stress of brick lining is decreased and the brick work is stronger. But normally, the expansion coefficient of refractory mortar is low. Besides, the temperatures are various in different areas which cause different expansion volumes that loosen the link between bricks. Meanwhile, the extrusive stress is also produced between bricks. Because of the solid connection between bricks by refractory mortar, once the extrusive stress is higher than the strength of brick, the brick lining may be cracked and the brick may even drop down. Therefore, many scholars are attaching more importance to the researches about dry masonry brick lining without refractory mortar but with reservation brick joint between bricks in building. In order to improve the tightness and sealing of dry masonry brick lining as far as possible and facilitate the construction of building, the wideness of brick is controlled by a small negative deviation, and usually reservation brick joint is controlled in the range of 0 to 0.3 mm, less than 0.5 mm. When the thermal expansion occurs, the whole brick joint of the annular brick lining with a high internal temperature and low external temperature cannot close completely. Frequently, the brick joint of the hot end is closed while the cold end is possibly opened. Contact between bricks is circumferential constraint in closing segment of the brick joint, but there is no circumferential constraint between bricks in open segment. The length of closing segment of the brick joint or the position of closed and opened demarcation point of the brick joint is related to the size and physical property of brick, filler and shell, and it also has connection with the temperature distribution, brick joint wideness, internal pressure and other factors. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] According to the principle of thermo elasticity, the mechanical model of dry masonry brick lining is established. The calculation process of finite element analysis is designed to analyze the mechanical characteristics, and feasibility of the program and the algorithm will be proved through the example. Finally the influence law of parameters on the mechanical properties of the brick lining and the hearth structure will be discussed.
Mechanics Model

Basic Analysis
As shown in Fig. 1 , when the dry masonry brick lining expands through heating, the brick lining moves outward. The hot end is circumferentially compressed and the brick joint is closed. The cold end is generally circumferentially stretched, and the brick joint opens. The circumferential displacement is 0 on the middle line, so only radial displacement exists. However, on the two sides of brick, for the brick joint closed segment of the hot end (L ac ), only a radial displacement exists; for the brick joint opening segment of the cold end (L bc ), the brick has a radial displacement outward and a circumferential displacement towards the middle line. The symbol u which represents displacement direction of each part of carbon bricks when hearth brick lining is heated. Point c is the close and open demarcation point of the brick joint. Compressed point a on the hot end has the maximum compressive stress, and point b on the cold end has the maximum circumferential displacement (biggest brick joint). Point c has tensile stress which comes from bending deformation of bricks, and there is compression stress on the middle line.
Mechanical Model
The sidewall of blast furnace with dry masonry brick lining has two kinds of structures. One is composed of brick lining (containing reservation brick joint), packing layer, cooling stave (containing packing of cool end) and shell. The other is comprised of brick lining (containing reservation brick joint), packing layer and shell (external surface cooled by sprinkling water). In the first structure, the cooling stave is connected to the shell by bolts in radial direction, and cooling stave only bears radial pressure, so the two structures have the same mechanical characteristics. As shown in Fig. 2 , the structure of hearth sidewall is simplified and the mechanical model of brick lining is analyzed. According to the basic analysis of thermal expansion mechanical characteristics of the circumferential dry masonry brick lining of the hearth, the deformation and the stress of single brick have periodic symmetry by the middle line of the brick and the brick joint. Therefore, two-dimensional periodic symmetric model is established based on the second structure. Dimensions: L 1 (length of brick), L 2 (thickness of packing), L 3 (thickness of shell), r e (radius of cold end of the brick), s 1 (the wideness of brick on hot end), s N (reservation brick joint). Brick lining, filler and shell are subjected to temperature loading, and there is also existing internal pressure (p 0 -wind pressure and molten iron pressure) on the hot end of the brick lining. As shown in Fig. 2 , the calculation model is a half of the last structure. Set 0 circumferential displacement constraint of periodic symmetry at sector structure in the model. Figure 2 contains C 1 (touching surface between brick and filler), C 2 (touching surface between filler and shell), C 3 (touching surface of the closed joint segment between bricks) and free-interface of the open segment of brick joint. Transform C 3 to circumferential displacement constraint u θ = −s N /2 for improving the calculation stability of the model. 19) θ is the circumferential coordinate in the polar coordinate system and u θ represents circumferential displacement of each part of carbon bricks. In the model, u θ = 0 represents the fixed constraint on the circumferential displacement of the boundary; u θ = −S N /2 means that the constraint range of circumferential displacement is S N /2, and the direction of it is negative. u θ Free represents non set circumferential displacement constraints. Where r represents the radial coordinate and θ represents the circumferential coordinate. k r (T) and k θ (T) is the thermal conductivity which is changed with temperature in the direction of r and θ respectively. T is temperature.
Calculation Methods
(2) In plane polar coordinate system O-rθ, the non volume force equilibrium differential equation for the plane stress problem is 
, u r and u θ is displacement in the direction of r and θ respectively. E is the elasticity modulus; μ is the Poisson ratio; α is the thermal expansion coefficient; temperature rise ΔT = T − T 0 ; T 0 is the base temperature for producing thermal strain. The mechanical model of dry masonry brick lining of BF hearth built in this article is a two-dimensional plane problem and contains multiple contact interfaces. It has significant state nonlinear characteristics and no analytical solution. In addition, the closure section of the brick seam (or the position of c point) is undetermined, which means the length of the closed section should be adjusted to approximate calculation, so the finite element method is used to solve the problem. The element stress σ r , σ θ is calculated using the elastic matrix after the nodal displacement is obtained through formula (2) utilizing the general displacement method, and then the average value of each element is taken as the evaluation value. In calculation, set corresponding finite element discrete gridding after building geometric model and defining element characteristic and material properties. The temperature field of the structure is calculated via heat transfer calculation after setting heat transferring boundary conditions. Then set the temperature field as thermal load and transform thermal model to structural mechanics model for calculating stress and displacements. Because it concerns contact problems, the key point in building model and calculation is defining contact element on C 1 after solid element division. 20) The stiffness of filler is much lower than shell, so C 2 cannot be contact element and it is transformed to the radial constraint coupling of the corresponding nodes. The brick joint may not close completely at the cold end of brick, so the length of the closed brick joint can be evaluated by via constrained force.
Calculations and Analysis
Structure Parameters
Material parameters in different layers of hearth are listed in Table 1 , including thermal conductivity k, Poisson ratio μ, elastic modulus E and linear expansion coefficient α. Brick joint s N = 0-0.5 mm; brick lining radius r e = 7 000 mm; number of bricks in a circle N = 74 and brick wideness of the hot end s 1 = 2π(r e − L 1 )/N − s N . 1 150°C is the melting equilibrium temperature of cast iron. When the molten iron permeates into the hearth inner lining and cools down to the temperature, the cast iron will solidify and the permeation will stop, which will lead to the forming of slag protective shell. Therefore, the isotherm or isothermal surface of 1 150°C in the brick lining is considered as the termination line or termination surface of erosion, or called the brick lining erosion boundary. At the same time, 1 150°C temperature line is used as the evaluation boundary to estimate whether the brick lining has the capacity to bear the mechanical loading. If the temperature of the part is lower than 1 150°C, it has a certain bearing capacity. However, if the temperature of the part is higher than 1 150°C, which means it has experienced the permeation of molten iron and the inner lining material has deteriorated, it can no longer bear any loading. So the heat transferring boundary conditions: the temperature of the hot end of brick lining is 1 150°C; the temperature of the external surface of shell is 40°C; the reference temperature of the thermal strain is T 0 = 30°C. ANSYS is used in modeling and calculation, and based on APDL, programs are typed for parametric modeling and cycle equilibrium approximation calculation of closed segment of the brick joint. The size of model element is 5-10 mm.
Results and Analysis
When s N = 0-0.5 mm, p 0 = 0 MPa, 0.5 MPa, calculation results of plane stress problem are listed in Table 2 including the circumferential stress of the hot end (σ aθ ), L ac , the brick joint of the cold end (s Nb ) and the maximal circumferential stress of shell (σ sθ ). the brick joint decreases with the increase of the reservation brick joint; point c moves to the hot end; when internal pressure exists, the closing length of the brick joint decreases considerably and point c is even more closer to the hot end, stress of the hot end and the circumferential stress of shell decrease significantly with the increase of the wideness of the reservation brick joint, and when internal pressure exists, the circumferential stress of the hot end decreases and circumferential stress of shell increases. As shown in Fig. 4 , circumferential stress of the brick joint decreases towards the cold end and disappears at point c. 21) The wider the reservation brick joint is, the shorter the closing segment of the brick joint is while the longer the opening segment is, which means the compressive stress disappears earlier.
When the internal pressure exists, the compressive stress disappears much earlier. As shown in Fig. 5 , the brick joint is closed from the hot end to point c, which it gradually increases afterwards. The wider the reservation brick joint is, the higher the opening ratio is. When the internal pressure exists, the open degree is much higher. Figure 6 shows the nephogram of radial stress and the circumferential stress of brick (σ ar , σ aθ ) when the reservation brick joint is 0.3 mm and the internal pressure is 0.5 MPa. The radial tensile stress of the brick joint reaches its maximal value at point c ( Fig. 6(a) ), and there be the corresponding compressive stress is relatively large on the middle line of brick. The circumferential compressive stress of the brick joint reaches its maximal value at the hot surface, and the circumferential compressive stress is 0 at point c. The opening ratio of the brick joint on the cold end can be seen in the figure. When the hearth inner lining is heated, the energy of the thermal expansion is converted into the deformation energy of the material. Boundaries of C 1 and C 2 are contact interfaces, and the adjacent structures are mutually binding. The stress is produced in the contact surfaces of C 1 and C 2 because of the difference of material properties. The C 2 interface will not move due to the hoop effect of the steel structure of the furnace shell while the location of the C 1 interface will migrate due to the stress generation until the new force balance state is established. In addition, a relative circumferential sliding will occur between the brick lining and the packing layer, and the maximum sliding is at b point. The frictional force caused by sliding is not considered in this paper because it is relatively small compared with the thermal stress. From the calculation results, the brick lining moves outward and the hot end is circumferentially compressed because the dry masonry brick lining is heated and expanded. The circumferential stress of brick decreases to 0 MPa at point c. The cold end is generally circumferentially stretched, and the brick joint opens. So even if the reservation brick joint is 0 mm in building, the brick joint near cold end is not closed in production. On one hand, it can absorb the thermal expansion significantly and reduce the circumferential stress of brick and shell. On the other hand, it undermines the strength and sealing of the connection between bricks.
The bricks that have no circumferential connection at the opening area of the brick joint around the cold end move towards the middle line, and have radial constraint by packing in outer layer at the same time. Corners of brick bear large radial compressive stress, but the point c of the brick joint has bending stress (radial tensile stress) that results from the brick deformation. The degree of closing and open of the brick joint is related to temperature distribution, physical properties (especially about linear expansion coefficient) and internal pressure, and it is also related to sizes of brick, packing and shell. If the parameters above are certain, with the reservation brick joint becomes bigger, the circumferential compressive stress of the hot end of brick lining and the circumferential stress of shell would be decreased, and the length of closing segment of the brick joint would be decreased, then brick lining's stability, tightness and sealing are decreased, which means the reservation brick joint should be controlled strictly. Table 3 shows the calculation results of the closing length of the brick joint, the open degree of the brick joint at the cold end, the circumferential stress of brick lining and the circumferential stress of shell when (2.8-3.6) × 10
(1/°C), s N = 0.3 mm, and p 0 = 0.5 MPa.
As shown in Table 3 , when other parameters are certain, the circumferential stress of the hot end of brick and the circumferential stress of shell will increase with the increase of the linear expansion coefficient of brick. Besides, compared with Table 2 , the closing length of the brick joint, the compressive stress of the hot end of brick and the stress of shell decrease significantly with the decrease of the linear expansion coefficient of brick, so the linear expansion coefficient of brick is a sensitive parameter. For enhancing the tightness and sealing of the brick lining, the reservation brick joint should be controlled strictly when the linear expansion coefficient of brick is low. In other words, if the reservation brick joint does not be controlled strictly, the brick with a low linear expansion coefficient will generate gas leakage of hearth because the insufficient closing length of the brick joint. Then the working life of the blast furnace will be affected, the usage of the brick with low linear expansion coefficient should be avoided.
The combination of brick lining expansion and shell, the packing will still have plastic compression in furnace heating and the production process. It will absorb thermal the expansion of the brick lining to reduce the stress. But, at the same time, the closing length of the brick joint is shorter which lower tightness. The effects above would be more significant with the increasing amount of plastic compression of packing. According to the structure parameters and physical properties shown in Table 1 (1/°C)), when the amount of plastic compression of packing Δh t = 1.0 mm; the closing length of brick joint is 510 mm; the maximal circumferential stress of the hot end of brick is − 18.504 MP, and the maximal circumferential stress of shell is 109.194 MPa. Compared with the results (no plastic compression) in Table 2 , the closing length of brick joint reduces 25 mm; the maximal circumferential stress of the hot end reduces 1.0 MPa, and the maximal circumferential stress of shell reduces 10.92 MPa. When Δh t = 2.0 mm, closing length of brick joint is 480 mm; the maximal circumferential stress of the hot end is − 17.534 MPa, and the maximal circumferential stress of shell is 98.534 MPa. As it is shown in Table 4 , the closing length of the brick joint reduces by 55 mm; the maximal circumferential stress of the hot end of brick reduces by 1.97 MPa, and the maximal circumferential stress of shell reduces by 21.58 MPa.
The amount of plastic compression of packing has a sig- nificant influence on the closing length of the brick joint, the circumferential stress of the hot end of brick and the stress of shell. However, the stress of brick and shell has little influence on blast furnace integrity operation. When the amount of plastic compression changes, the stress of brick and shell is much lower than the ultimate stress; when the amount of plastic compression of packing is large and the closing length of brick is shorter, the hot gas will leak through filler. The temperature of brick will be much higher, and the radial tensile stress and the circumferential compressive stress of brick will increase, which indicates that the amount of downward reduction of packing in building should be increased properly to ensure the tightness.
Strength Analysis of Shell
It is concluded from calculation results in Tables 2, 3 and 4: when working conditions are certain, the circumferential stress of shell (σ sθ ) increases with the increase of α and p 0 ; the circumferential stress of shell (σ sθ ) decreases with the increase of s N and Δh t . 22) When the stress of shell is maximal, s N = 0 mm, Δh t = 0 mm, p 0 = 0.5 MPa, α = 3.5 × 10
(1/°C), the relationship between the maximal circumferential stress and the thickness of shell is shown in Table 5 . Figure 6 is From Eq. (3), the maximal stress of shell reduces linearly with the increase of the thickness of shell. The shell is welded with steel plate, so the stress failure of the cylinder structure should be evaluated by the third strength theory (the theory of maximum shear strength).
23) The strength condition is
In Eq. (4), σ III represents equivalent stress of the third strength theory; σ 1 represents the first principal stress (circumferential stress of furnace σ sθ ) and σ 3 represents the third principal stress (radial stress and axial stress of shell). Because σ 3 is far less than σ 1 , it can be negligible.
[σ] represents the allowable stress of material of shell.
Calculate safety coefficients with different thicknesses of shell under following conditions: 24) the material of shell is 18 MnMoNb; the limit yield stress σ s = 390 MPa and the strength safety coefficient S = σ s /σ III . The fitted formula can be expressed as
Considering the influence of welding and opening on the strength of shell and the working temperature of shell (usually ranges from 50°C to 100°C), the designing safety factor should be chosen from 1.9 to 2.7 and the thickness of shell L 3 ranges from 55 mm to 119 mm. In contrast to the wet masonry brick lining, there is no circumferential tension connection strength between bricks in the dry masonry brick lining. The cracking of shell can lead to the failure of brick lining. Therefore, in order to reduce the risk of shell cracking, the thickness or safety factor of shell should be chosen at a larger value.
The mechanics model and calculation method can be used to determine the shell thickness under different physical properties, degree of the brick joint and other conditions.
Conclusions
(1) According to the principle of thermo elasticity, the structural mechanics model of thermo elastic hearth is established by the analysis of the structural mechanics characteristics of the circumferential dry masonry brick lining. The model is non-linear under multi-contact interface state, including corresponding dry masonry brick lining, packing and shell. The thermo-elastic mechanics calculation process about hearth structure of circumferential dry masonry brick lining is designed by ANSYS. The corresponding parameterization calculation program has been developed and verified.
(2) Based on the analysis, the brick joint near the cold end is not closed in inflated circumferential dry masonry brick lining of hearth, and its closing length decreases with the increase of the wideness of the reservation brick joint; When the linear expansion coefficient of brick is low, the stability, tightness and sealing of brick lining are decreased, so if the reservation brick joint cannot be controlled strictly, the brick with a low linear expansion coefficient should not be used; The temperature of brick in furnace heating is low, so the closing segment of the brick joint is short or nonexistent, and this is the important reason for hearth leakage; When the plastic compression of packing exists, the closing length of the brick joint is shorter, and the circumferential stress of the brick lining hot end and shell is reduced. The tightness of the brick lining is lower, and the hot gas will leak through packing layer. Thus the temperature of the brick lining and stress are higher, which means hearth erosion will be accelerated, so the amount of downward reduction of packing in building should be increased properly to ensure the tightness. The stress of the brick lining and shell is affected by the internal pressure, temperature, reservation brick joint and other variables. In the range of calculation parameters, the stress of brick and shell is much lower than the ultimate strength stress of brick, so the brick lining is less likely to crack.
(3) The model can be applied to evaluate the stress of shell and to determine the thickness of shell which meets the requirement of strength or safety factor; considering the tightness, sealing, stress of the brick lining, stress of shell and other factors, the model and parametric calculation program can also be used for assessment and optimized design of the brick lining, reservation brick joint, thickness of filler and material properties.
